ABSTRACT: Stored lipids in marine planktonic larvae play an important role in buoyancy and as an energy source and thus are a key to understanding the dispersal and settlement potential of larvae. However, little is known about lipid content and composition in different coral species or their temporal changes during larval dispersal. We examined the lipid content and composition of eggs and planula larvae of Acropora tenuis, a reef-building coral, and their temporal changes over the course of larval dispersal and settlement. The total content and composition of lipids in newly released planulae of the brooding corals A. brueggemanni, Pocillopora damicornis and Heliopora coerulea were also examined for comparison. A. tenuis eggs were positively buoyant; lipids accounted for 85% of their dry weight, but decreased to 50% of their dry weight within 30 d after spawning. Wax esters were a major component of lipids in the eggs; they decreased appreciably by 5 d after spawning and decreased thereafter. In contrast, the phospholipid content remained almost constant. The period of rapid decrease in wax esters occurred before settlement, suggesting that A. tenuis planulae consume mainly wax ester lipids as an energy source during the planktonic phase. In contrast, the lipid content of H. coerulea planulae, which have a shorter dispersal period, was lower (41% of dry weight) than that found in 5-d-old planulae of A. tenuis and newly released planulae of A. brueggemanni and P. damicornis (> 58% of dry weight). Triacylglycerols in lipids were detected in P. damicornis and H. coerulea planulae, which settle quickly after release, but not in A. tenuis or A. brueggemanni, suggesting that triacylglycerols are used for rapid energy. These findings suggest that lipids are used for buoyancy and as an energy source and are related to differences in the dispersal period of planulae among coral species.
INTRODUCTION
Larval dispersal and recruitment in marine invertebrates play a significant role in the maintenance of adult populations (Underwood & Keough 2001) . Larval dispersal is determined physically by ocean currents and biologically by egg and larval behaviour, buoyancy in the water column (Morgan 1995 , Young 1995 and the period during which larvae can settle after spawning or release (settlement period). The buoyancy of marine invertebrate eggs and larvae is affected by their lipid content (Chia et al. 1984) . For example, lipid-rich sea urchin eggs (Emlet & Hoegh-Guldberg 1997) and eggs of several broadcast-spawning corals with high lipid content (Arai et al. 1993 , Wellington & Fitt 2003 are positively buoyant, whereas lipid-lean planulae of Heliopora coerulea are benthic (Harii et al. 2002) .
The settlement period, in contrast, is constrained by the energy sources of larvae. Marine invertebrate larvae can be divided into species that obtain energy to develop and metamorphose by feeding on plankton (planktotrophic) and those that rely mainly on stored nutrients (lecithotrophic; Thorson 1950) . The major energy sources for both experimentally unfed planktotrophic and lecithotrophic larvae during their development include lipids and proteins (e.g. Vavra & Manahan 1999 , Marsh et al. 2001 , Moran & Manahan 2003 , 2004 , Sewell 2005 ) and dissolved organic material (DOM) from seawater (e.g. Jaeckle & Manahan 1989 , Shilling et al. 1996 , Ben-David-Zaslow & Benayahu 2000 . Among these, lipids are considered to be the most plausible energy source in coral planula larvae (Richmond 1987) .
The settlement periods of some brooding coral planulae have been examined in relation to their lipid content. Planulae of the coral Pocillopora damicornis have a high lipid content (70% of dry weight) and consume lipids during the planktonic phase, suggesting that it may be a sufficient energy source during long settlement periods (Richmond 1987) . In contrast, planulae of the blue coral Heliopora coerulea have a lower lipid content (54% of dry weight) and have a shorter larval settlement period than those of P. damicornis (Harii et al. 2002) , highlighting the importance of lipids in determining larval dispersal periods. These correlative studies between lipid content and settlement period have focused on brooding corals that release planulae larvae. On the other hand, temporal changes in the lipid content of larvae from spawning corals have not been examined, although maximum settlement periods have been reported (> 78 d after spawning; Wilson & Harrison 1998 , Nishikawa et al. 2003 , Nozawa & Harrison 2005 . Given that the majority of coral species spawn, rather than brood (Harrison & Wallace 1990) , this is an important aspect in understanding the distribution of adult corals and the conservation of reefs.
The lipid composition is also important for buoyancy and as an energy source in marine organisms. Triacylglycerols, a component of lipids, are a primary energy source during larval development in marine invertebrates (Moran & Manahan 2003 , 2004 , Sewell 2005 . Wax esters are considered to govern buoyancy and act as an energy source (Nevenzel 1970 , Lee et al. 1971 , Villinski et al. 2002 . The lipid content of coral eggs has a high proportion of wax esters that may contribute substantially to positive buoyancy (Arai et al. 1993) . Although wax esters in coral planulae may also act as an energy source during the planktonic phase, temporal changes in lipid composition have not been examined. Therefore, we examined temporal changes in the larval settlement rates, lipid content and lipid composition of eggs and planulae of the spawning coral Acropora tenuis to evaluate the use of lipids during the planktonic phase. A. tenuis is a common coral on upper reef slopes in the western Pacific and Red Sea (Veron 2000) . In addition, the initial lipid content and composition were compared with those of the planulae of the brooding corals A. brueggemanni, Pocillopora damicornis and Heliopora coerulea.
MATERIALS AND METHODS
Collection of larvae. About 10 branches of Acropora tenuis were collected during the day from 10 colonies at Akajima (Aka Island), Okinawa, Japan, prior to spawning in May 2002, and were maintained in separate containers under laboratory conditions. All branches spawned on 29 May 2002. After spawning, sperm and egg bundles from all colonies were mixed and gathered into 100 l containers for fertilisation. The fertilised eggs were washed twice in filtered seawater (FSW) and kept in the containers. After 1.5 d, planulae were moved to 2 l plastic containers (hereafter 'large container') in preparation for settlement experiments and lipid analysis. The containers were filled with FSW and kept under 12 h light:12 h dark conditions in an incubator at 26°C. All planulae were transferred to new large containers filled with fresh FSW daily. The planulae remained in planktonic phase and did not usually settle on the container in the absence of settlement substrata.
For the other species, 5 colonies of Pocillopora damicornis, 10 colonies of Acropora brueggemanni, and 20 female branches from 20 colonies of Heliopora coerulea were collected on Ishigaki Island, Okinawa, in July 2004. The colonies of each species were maintained in large tanks at 29°C with running seawater in a laboratory until planulae were released. The planulae, collected at least once a day during their release periods, were kept in new large containers filled with FSW for settlement experiments or lipid analysis.
Larval settlement. Fifty planulae were transferred from the large container to each of 5 small plastic containers containing 0.4 l of FSW and 1 settlement plate (5 × 5 cm and 0.5 cm thick unglazed bathroom tile). The plates had been submerged on a reef for 3 mo prior to the experiment to create natural biological conditions on their surfaces. The lower surface of the plate was held 5 mm above the floor of the container by a stainless steel nut. This experimental procedure was performed on the third to seventh consecutive days after spawning, and then on Days 10, 15, 20 and 30.
Only 3 containers were used on Day 30. For each experiment, the planulae were maintained at 26°C for 24 h in still FSW. The number of planulae crawling and settling on the plates was counted under a dissecting microscope after 24 h. The term 'crawling planulae' refers to larvae that were moving on the plates. Planulae that had attached and had begun to metamorphose with no possibility of active detachment and further migration were defined as settled.
For brooding corals, 20 and 50 newly released planulae of Acropora brueggemanni and Pocillopora damicornis, respectively, were transferred to each of 3 containers and tested in the same manner as in the above settlement experiment, but only on the first day after release at 29°C. We did not examine the settlement of Heliopora coerulea planulae.
Lipid analysis. Immediately after spawning, 100 unfertilised Acropora tenuis eggs were collected on pre-combusted GF filters (400°C for 4 h). Additionally, 100 A. tenuis planulae were randomly collected from the large containers on filters 2 d after spawning, and then at the end of the 4, 10, 20 and 30 d settlement experiments. Four filters were used on each collection day, except for Day 2 when 5 filters were used. Approximately 50 to 100 planulae of A. brueggemanni, Pocillopora damicornis and Heliopora coerulea were collected on filters immediately after their release; 4, 3 and 3 filters were used, respectively. After collection, the filters were rinsed with distilled water to remove salt and then stored at -10 to -20°C until they were freeze-dried for subsequent lipid analysis.
Lipids were extracted 5 times with 5 min rounds of ultrasonication with 5 ml of dichloromethane: methanol (6:4). The lipid extracts were concentrated and passed through a short bed of Na 2 SO 4 to remove water and then weighed. The extracted lipids were analyzed using a thin-layer chromatography-flame ionisation detector (TLC-FID; Iatroscan MK-5, Iatron Laboratories); 3 or 4 extracted lipid samples from each collection day were analyzed between 3 and 11 times. Two different solvent systems were used to detect 3 chromatograms rod -1 (modified after Yamamoto et al. 2000) . The first chromatogram was obtained after 20 min of development in hexane:diethyl ether (96:4). Lipids were partly detected by TLC-FID analysis. The rods were developed again for 20 min in hexane : diethyl ether : acetic acid (60 : 17 : 0.15), and the remaining lipids were detected. The lipid composition was quantified using FID calibration curves obtained by analyzing the standard compounds palmitic acid palmityl ester for wax esters, 1, 2 dipalmitoyl-3-oleoylrac-glycerol for triacylglycerols and L-α-phosphatidylcholine for phospholipids (Sigma).
Statistical analyses. One-way ANOVA was used to test for significant differences in planula settlement rates over time; the container was the experimental unit, the number of planulae for each time period examined was the independent factor and time was treated as a fixed factor. One-way ANOVA was also used to examine differences in the lipid content and composition of Acropora tenuis eggs and planulae over time (treatment: time; experimental unit: the collection filter). Differences in lipid content were examined for 5-d-old A. tenuis planulae and newly released planulae of Pocillopora damicornis, A. brueggemanni and Heliopora coerulea using 1-way ANOVA. All percentage data were arcsine transformed prior to analysis because they did not meet the a priori assumption of normality (Underwood 1981) . The homogeneity of variances was examined using Bartlett's test. A Tukey post hoc test was used to examine significant differences over time.
RESULTS
Eggs of Acropora tenuis initially floated on the seawater surface and developed into swimming planula larvae that sometimes swam vertically in the large container within 2 d after spawning. They became less active over time, and most were found on the floor of the container 20 d after spawning. They began crawling on the plates 3 d after spawning, and some individuals settled (Fig. 1) . The settlement rate varied significantly over time (F 8, 34 = 20.9, p < 0.01; Fig. 1 ). The Days after spawning Percentage (%) Fig. 1 . Acropora tenuis. Stacked column graph of changes in mean percentage of crawling (white bars at top) and settled planulae (grey bars at bottom) in the small container (± SE, n = 5 except n = 3 at 30 d after spawning) and mean percentage of total lipid of planulae in large containers (± SE, n = 4 except n = 5 at 2 d after spawning) over the 31 d after spawning highest settlement rate was 79.6 ± 4.8% (n = 5) 10 d after spawning, and it was significantly higher than the settlement rates 3, 20 and 30 d after spawning (Tukey test, p < 0.01). At 30 d after spawning, 35.3 ± 5.2% (n = 3) of the planulae remained able to settle. For brooding corals, 80.0 ± 8.7% (n = 3) and 44.7 ± 7.9% (n = 3) of newly released planulae of Acropora brueggemanni and Pocillopora damicornis, respectively, settled on the plates by 1 d after release. The lipid content of Acropora tenuis eggs and planulae differed significantly over time (F 5, 19 = 8.05, p < 0.01; Fig. 1 ). Mean percentage of lipid was 85.2 ± 6.3% (n = 4) of the total dry weight of eggs and decreased to 50.2 ± 3.7% (n = 4) by 31 d after spawning (Fig. 1) . The percentage of lipid in eggs was significantly higher than that in planulae at 5 or more days old (Tukey test, p < 0.05). Although the percentage of lipid was not significantly different between 5 and 31 d after spawning, it was 10.6% lower on Day 31 (Fig. 1) . For 5-d-old A. tenuis planula and the other planulae of 3 brooding species, the mean percentages of lipid were significantly different only between newly released planulae of Pocillopora damicornis and Heliopora coerulea (1-way ANOVA, F 3, 10 = 5.34, p < 0.05; Tukey test, p < 0.05; Table 1 ).
Two groups of lipids, wax esters and phospholipids were detected in eggs or newly released planulae of all examined species. Wax esters were the major lipid component (Fig. 2, Table 1 ). In addition, triacylglycerols were found in Pocillopora damicornis and Heliopora coerulea planulae, but few or no triacylglycerols were detected in the other corals (Fig. 2, Table 1 ). The wax ester content of eggs or planulae of Acropora tenuis varied significantly over time (F 5, 12 = 5.0, p < 0.01; Fig. 3 ). It decreased from 2.02 ± 0.29 mg per 100 eggs to 0.63 ± 0.07 mg per 100 individuals 31 d after spawning. The wax ester content of eggs differed significantly from that of planulae more than 5 d old (Tukey test, p < 0.05). In contrast, the phospholipid content of A. tenuis did not change significantly over time (F 5, 12 = 3.1, p > 0.05; Fig. 3 
DISCUSSION

Relationship between lipid content and larval settlement period
Acropora tenuis planulae began swimming vertically 2 d after spawning and began settling after 3 d. Coral planulae from other spawning species also develop into motile larvae within 3 d of spawning, subsequently beginning settlement 4 d after spawning (Babcock & Heyward 1986 ). This period from development to initial settlement of A. tenuis occurs in concert with a dramatic decrease in total lipid content by 5 d after spawning, suggesting that lipids are a major energy source during the early stage larval development. More than 50% of larvae settled 4 to 15 d after spawning, with low crawling rates. Since the amount of lipids decreased slightly after 5 d, many planulae likely had enough energy to settle after crawling in this period. On the other hand, the settlement rate decreased 20 to 30 d after spawning. The crawling rates increased 20 d after spawning and decreased again 30 d after spawning. Some planulae may have lost the energy for settlement by Day 20, but still retain energy for crawling. By Day 30 they may have depleted the energy required for both crawling and settlement.
Variation in the initial amount of lipids available in planulae among different coral species was related to the variation in the larval settlement periods. Eggs and 5-d-old planulae of Acropora tenuis have > 60% lipids in their bodies. These planulae could settle even 30 d after spawning. Planulae of several acroporid corals maintain a settlement ability 30 d after spawning (Morse et al. 1996) , and A. tenuis planulae retain their settlement ability even 69 d after spawning (Nishikawa et al. 2003) . A. tenuis planulae may have a longer larval settlement period than those of lipid-lean corals, giving them the potential to disperse over a wider area. The higher gene flow among populations of A. tenuis than among populations of the brooding coral Stylophora pistillata confirms that A. tenuis has a higher dispersal potential than S. pistillata (Nishikawa et al. 2003) .
A correlation between lipid content and settlement period also occurs among species of brooding corals. Lipid-rich planulae of Pocillopora damicornis have long larval settlement periods (>100 d; Richmond 1987 , Harii et al. 2002 . Richmond (1987) assumed that this was due to the lipid energy stores and also because the larvae could obtain photosynthetic energy from maternally inherited zooxanthellae that were present on release. These traits account for the wide distribution of P. damicornis in the Indo-Pacific region. In contrast, the lipid content of Heliopora coerulea planulae was only 41.3% of their dry weight. Most of them settle soon after release; however, their settlement rate decreases to only 3% at 20 d after release (Harii et al. 2002) . They mainly disperse and settle close to adult colonies in natal reefs, which may correspond to the limited adult distribution (Harii & Kayanne 2003) . Also, newly released, lipid-lean planulae of the soft coral Heteroxenia fuscescens (lipids comprise 51.5% of the dry weight; Ben-David-Zaslow & Benayahu 2000) have a shorter larval settlement period than those of P. damicornis (49 d; Ben-David-Zaslow & Benayahu 1996). Lipid-lean larvae may settle quickly to maintain local populations at the expense of long-distance dispersal.
Lipids are a major source of endogenous energy of other marine larvae, including shrimp (Nates & McKenney 2000) , abalone (Moran & Manahan 2003) , sea stars (Bryan 2004 ) and sea urchins (Sewell 2005) . For example, Haliotis fulgens larvae used 50% of their lipids in development from egg to metamorphic competence (8 d; Moran & Manahan 2003) . These larvae require lipids during the planktonic phase as a primary energy source, which is consistent with our findings from coral larvae. The differing amounts of lipids among the coral planula species studied may influence larval settlement periods, which, in turn, may affect adult populations and distributions.
Lipid composition and their different utilisation in coral planulae
In all the corals examined, we found higher percentages of wax esters than phospholipids in the lipid fractions; this is in agreement with the findings of Arai et al. (1993) . However, the lipid composition varied Days after spawning Dry weight (mg 100 ind.
-1 ) Fig. 3 . Acropora tenuis. Temporal changes in the lipid composition of planulae by dry weight (± SE, n = 3) over the 31 d after spawning. WE: wax esters; PL: phospholipids among species. Planulae of Acropora tenuis and A. brueggemanni contained mainly wax esters with similar chromatographic patterns, whereas Pocillopora damicornis and Heliopora coerulea planulae contained both wax esters and triacylglycerols. A. tenuis and A. brueggemanni planulae contained few or no triacylglycerols. The pattern of lipid composition among coral planulae may be similar among closely related species such as the acroporid species examined. The biochemical composition and metabolic rate of larvae are similar among species in the abalone genus Haliotis (Moran & Manahan 2003) . We have not examined the metabolism of coral planulae; however, species of the same genus and with similar lipid compositions may have similar metabolic patterns. Wax esters and triacylglycerols are considered possible energy sources for marine organisms (Nevenzel 1970 , Lee et al. 1971 , 2006 , Villinski et al. 2002 . Wax esters are regulated by wax ester lipases, allowing for their slower rate of use, whereas triacylglycerols can be quickly hydrolysed to provide energy for short-term needs (Lee et al. 2006) . The wax ester content of Acropora tenuis planulae decreased gradually after they developed into planula larvae. The planulae may slowly consume wax esters during the planktonic phase. Pocillopora damicornis and Heliopora coerulea larvae contain triacylglycerols, as well as wax esters. Because these larvae can settle quickly after release (Harii et al. 2002) , they may require triacylglycerols as a rapid energy source. In addition, because planulae of P. damicornis have more wax esters than those of H. coerulea, they may also use wax esters for long-term energy. The relative importance of wax esters and triacylglycerols as energy sources may vary among species of coral planulae.
Differential use of wax esters and triacylglycerols occurs in other marine organisms (Lee et al. 1971 , Hunter et al. 1998 , Moran & Manahan 2003 . The copepod Gaussia princes slowly consumes wax esters after triacylglycerols are exhausted under starvation conditions (Lee et al. 1971) . The eggs of planktotrophic species are dominated by triacylglycerols, whereas the eggs of lecithotrophic species are dominated by wax esters, suggesting that wax esters play a role in postmetamorphic provisioning of eggs in echinoids and asteroids (Villinski et al. 2002) . Larval settlement of the bryozoan Bugula neritina is reduced 24 h after larval release because triacylglycerols are consumed during the initial 24 h (Hunter et al. 1998) . Triacylglycerols dominate in larvae of the abalone Haliotis fulgens and H. sorenseni and decrease during development because they are the primary energy source (Moran & Manahan 2003) . Larval settlement periods of Haliotis larvae are only about 19 d (Takami et al. 2002) . Planktonic periods may be partly controlled by the amount of nutritional reserves in Haliotis. We suggest that wax-ester-rich larvae may be more adapted to longdistance dispersal, whereas larvae with triacylglycerols may settle quickly and have shorter planktonic periods.
Wax esters also play an important role in buoyancy in marine organisms (Nevenzel 1970 , Lee et al. 1971 , Villinski et al. 2002 . Positively buoyant Acropora tenuis eggs had a high wax ester content. Spawning corals such as acroporids release bundles containing mainly several eggs and sperm sacs; the bundles break up on the water surface and fertilisation occurs (Harrison & Wallace 1990) . The high proportion of wax esters in A. tenuis eggs may keep the eggs near the sea surface and hence increase the opportunity for fertilisation. Because fertilised eggs float on the surface, they disperse beyond the natal reefs by various currents like ocean, tidal and wind-driven currents (Willis & Oliver 1990) , which may allow dispersal over a vast area. In contrast, newly released Heliopora coerulea larvae had the lowest wax ester content. These larvae are benthic, do not actively swim (Harii et al. 2002) and are distributed in the middle or bottom of the water column near the adult populations in the field (Harii & Kayanne 2003) . Wax esters also control buoyancy in other groups of marine invertebrate larvae. Several species of echinoids and asteroids have positively buoyant eggs that contain a high proportion of wax esters (Villinski et al. 2002) , whereas Haliotis abalone have eggs that contain mainly triacylglycerols (Moran & Manahan 2003) and are generally negatively or neutrally buoyant (Ino 1952 , McShane 1995 . Eggs or less active larvae may regulate their positions in the water column by changing the proportions of wax esters and triacylglycerols that they contain, thereby determining the dispersal direction by placing them in different oceanic currents.
Phospholipids control structural function and cell membrane formation in marine organisms (Lee et al. 1971 (Lee et al. , 2006 . The phospholipid content of Acropora tenuis planulae was almost constant during the planktonic phase. These planulae may retain phospholipids for the formation of new cell membranes during development and after settlement and metamorphosis. This pattern of phospholipid content is consistent with changes in lipid compositions in other marine organisms in which the phospholipid fraction changes little during development (Nates & McKenney 2000 , Kattner et al. 2003 , Moran & Manahan 2003 , 2004 .
This study suggests that lipids, especially wax esters, in Acropora tenuis planulae are both a controlling factor of positive buoyancy and a long-term energy source. Thus, lipids are likely to affect fertilisation success and the settlement period. In contrast, the larvae of Pocillopora damicornis and Heliopora coerulea have triacylglycerols for short-term utilisation; thus, these planulae can settle close to the parent population soon after release. In addition, A. tenuis planulae retain more lipids (> 50% 30 d after spawning) than generally contained in adult corals (9 to 47%; Harland et al. 1993 , Yamashiro et al. 1999 . Although lipid use after settlement has not been investigated, the planulae are likely to retain lipids, especially wax esters and phospholipids, for both metamorphosis and post-metamorphosis prior to settlement. Coral planulae may have different dispersal patterns that are determined by species-specific differences in the amount, composition and use of lipids.
